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Abstract: Two new three-dimensional supermolecules having closed hollow frameworks were isolated by
self-assembly of a tris(Zi—cyclen) (ZnL3) (L3 = 1,3,5-tris(1,4,7,10-tetraazacyclododecan-1-ylmethyl)benzene)
with di- (CA2") or trideprotonated cyanuric acid (€A in aqueous solution (cyclen= 1,4,7,10-
tetraazacyclododecane). One was a very stable 2:3 complexsbf Znd CA~ formed above pH 6, which

was isolated from a 2:3 mixture of Zn® and cyanuric acid (CA) in aqueous solution and characterizétiby
NMR and potentiometric pH titration. The X-ray crystal structure showed that eaghi€sandwiched between

two Zr#—cyclen moieties extended from two tris@Znr-cyclen). The crystal data: formulay£14N36036

Cl3Zng ((ZnsL3),—(CAZ7)3-3NO3-3CI0,4-6H,0), M; = 2627.84, monoclinic, space gro&2:/n (No. 14),a =
27.327(3) Ab=29.127(2) A,c = 16.025(2) A5 = 90.56(1}, V = 12754(1) B, Z = 4, R=0.091, andRy

= 0.110. The second one was an unexpected supramolecular complex by 4:4 self-assembly? @ndn
CA3~, which was isolated by allowing a 1:1 mixture of 1§ and CA in aqueous solution to stand at pH 11.5.

Its X-ray crystal analysis showed a highly symmetric 4:4 assembling complex having an inner hollow, which
was schematically represented as a truncated tetrahedron made by binding four equilateral triangles and four
scalene hexagons to each other througF CAZn?* bonds. Crystal data of the 4:4 supramolecular complex:
formula GigdH344N70887N15 ((Zn3L3)4—(CA3‘)4-12NQ-4OH20), M, =5277.29, cubic, space grOWm (NO
217),a= 23.430(4) AV = 12862(3) B, Z=2,R=0.068, andR,, = 0.086. The 2:3 supercomplex is stable

in H,O, while the 4:4 complex is stable only in solid or in DMSO solution and tends to go back to the 2:3
complex in the presence of,B. The 2:3 and 4:4 complexes were equivalent in terms of-dzdde equilibrium,

and direction of the disproportionation to the 4:4 complex was favored due to its insolubility.

Introduction that N,N'-2,6-pyridinediylbis(alkanamide) receptor recognizes
monoimide (e.g., thymidine (dT)) and diimide compounds to

Highly organized nanoscale structures in viruses, enzymes, "
gny org y form complexes such dsstabilized by three hydrogen bonds,

organelles, and cells are formed from a vast number of small ™~ ) ) ; SO
and different componenis Self-assembly and spontaneous which made possible chiral separation of racemic imides by a

assembly of natural polymers such as nucleic acids, proteins,recept_or-bound HPLC_ coI’umn (Figure“iDipyridine compound
lipids, and carbohydrates through noncovalent bonds in solution, 3 designed by Hamilton’s grodmnd metallomacrocycle by
gel, and solid states are ubiquitous in nature. Artificial supramo- Reinhoudt's groupwere effective receptors for barbiturates, a
lecular architectures are often constructed from imide-containing tYPical diimide drug. “Tennis balls” and “baseballs” reported
molecules including nucleic acid bases and barbiturates. Typical (6) Rudkevich, D. M. Huck, W. T. S.. van Veggel, F. C. J. M.
driving forces for self-assembly of those molecules are hydrogen geinpoudt, D. NTransition Metals in Supramolecular ChemistRabbrizzi,
bond, aromatier— stacking, van der Waals interaction, metal L., Poggi, A., Eds.; Kluwer Academic Publishers: Dordrecht, The

ligand coordination, eté:1° For example, Feibush et al. reported ~ Netherlands, 1994.
(7) (@) Meissner, R. S.; Rebek, J., Jr.; de Mendoz&clencel995

T Hiroshima University. 270,1485-1488. (b) Shimizu, K. D.; Rebek, J., Rroc. Natl. Acad. Sci.
* Rigaku Corp. U.S.A 1995 92, 12403-12407. (c) Kang, J.; Rebek, J., dature 1997,
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Supramolecular ChemistryConcepts and Perspegés; VCH: Weinheim, 38,1136-11139. (g) Rebek, J., JAcc. Chem. Red999 278-286.
Germany, 1995. (8) For reviews, see: (a) Whitesides, G. M.; Mathias, J. P.; Seto, C. T.
(3) (a) Philip, D.; Stoddart, J. Angew. Chem., Int. Ed. Endl996 35, Sciencel99], 254, 1312-1319. (b) Whitesides, G. M.; Simanek, E. E.;
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Figure 1. Molecular recognition of monoimide (thymine and uracil), diimide (barbiturates), and triimide (cyanuric acid) by organic and inorganic
host molecules.

by Rebek et al. were molecular capsules by three-dimensionalself-assembling molecules that are fornie@queos solution

self-assembly of two glycouril compounds through hydrogen
bonds’ For triimide molecules such as cyanuric acid (CA),

is now acutely require8
Use of metatligand coordination bonds is an alternative

Whitesides and co-workers reported a nanometer-scale self-methodology to build supramolecular comple&g® Recently

assembly5 with melamine (MA) forming supramolecular
lattices and rosettesAll of these supermolecules, however, are
designed in hydrophobic environments. Development of new

(11) (a) Baxter, P. N. W.; Lehn, J.-M.; Fishcher, J.; Youinou, M.-T.
Angew. Chem., Int. Ed. Engl994 33, 2284-2287. (b) Hasenknopf, B.;
Lehn, J.-M.; Kneisel, B. O.; Baum, G.; Fenske,Ahgew. Chem., Int. Ed.
Engl 1996 35, 1838-1840. (c) Hasenknopf, B.; Lehn, J.-M.; Boumedien,
N.; Dupont-Gervais, A.; Van Dorsselaer, A.; Kneisel, B. O.; Fenskel.D.
Am. Chem. Sod 997, 119, 10956-10962.

(12) (a) MacGillivray, L. R.; L.Atwood, JNature1997, 389, 469-472.
(b) Orr, W. G.; Barbour, L. J.; Atwood, J. LSciencel999 285 1049
1052.

(13) (a) Maverick, A. W.; Buchkinghum, S. C.; Yao, Q.; Bradbury, J.
R.; Stanley, G. GJ. Am. Chem. S04986 108 7430-7431. (b) Maverick,
A. W.; lvie, M. L.; Waggenspack, J. H.; Fronczek, F. Rorg. Chem.
199Q 29, 2403-2409.

(14) (a) Fujita, M.; Oguro, D.; Miyazawa, M.; Oka, H.; Yamaguchi, K.;
Ogura, K.Nature1995 378 469-471. (b) Fujita, MJ. Synth. Org. Chem.,
Jpn. 1996 54, 953-963. (c) Fujita, M.; Ibukuro, F.; Seki, H.; Kamo, O.;
Imanari, M.; Ogura, KJ. Am. Chem. S0d.996 118 899-900. (d) Fujita,
M. Chem. Soc. Re 1998 27, 417-425. (e) Takeda, N.; Umemoto, K;
Yamaguchi, K.; Fujita, MNature 1999 398 794-796.

(15) (a) Stang, P. J.; Olenyuk, Bcc. Chem. Red.997 30, 502-518.
(b) Olenyuk, B.; Whiteford, J. A.; Fechtentter, A.; Stang, P. JNature
1999 398 796-799. (c) Olenyuk, P. J.; Fechteitker, A.; Stang, P. 1.
Chem. Soc., Dalton Tran§998 17071728 and references therein.

(16) (a) Schwabacher, A. W.; Lee, J.; Lei, H.Am. Chem. S0d.992
114, 7597-7598. (b) Lee, J.; Schwabacher, A. WAm. Chem. So&994
116, 8382-8383.

(17) Barbour, L. J.; Orr, G. W.; Atwood, J. INature1998 393 671—
673.

emerging supermolecules include polynuclear palladium com-
plexes designed by Fujitdsand Stang’s group®,which are
generated by spontaneous self-assembly &f d P£" ions

with poly(pyridyl) or phosphine ligands. Schwabacher et al.
reported a cyclophane-like macrocycle formed by métabis-
(amino acid) chelation as a self-assembling receptor having a
hydrophobic cavity Atwood’s group” has isolated a dinuclear
copper(lly-macrotricyclic complex from water, and Raymond’s
group'® synthesized supramolecular clusters in aqueous solu-
tion.®

Since 1981, we have been interested in molecular recognition
of organic and inorganic anions in aqueous solution by
macrocyclic polyamines and their metal compleXes® For
recognition of monoimide compounds, we found thazn
cyclen (cyclen= 1,4,7,10-tetraazacyclododecane) complex
(ZnLY) is a highly selective host for dT and U (uridine), whose

(18) (a) Brickner, C.; Powers, R. E.; Raymondingew. Chem., Int. Ed.
Engl. 1998 37, 1837-1839. (b) Caulder, D. L.; Powers, R. E.; Parac, T.
N.; Raymond, K. NAngew. Chem., Int. Ed. Endl998 37, 1840-1843.
(c) Caulder, D. L.; Raymond, K. N0. Chem. Soc., Dalton Tran999
1185-1200.

(19) For other examples in aqueous system, see: (a) Scrimin, P.; Tecilla,
P.; Tonellato, U.; Vignaga, Nl. Chem. Soc., Chem. Comm@891, 449~
451. (b) Saalfrank, R. W.; Hoer, B.; Stalke, D.; Salbeck, Angew. Chem.,
Int. Ed. Engl 1993 32,1179-1182. (c) Liu, F.-Q.; Harder, G.; Tilley, T.
D. J. Am. Chem. S0d998 120, 3271-3272. (d) Whang, D.; Park, K.-M.;
Heo, J.; Ashton, P.; Kim, KJ. Am. Chem. Sod. 998 120, 4899-4900.
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pK; values for the imide proton are 9.8 and 9.2, in neutral Scheme 1

aqueous solution to yield the 1:1 compl2XZnL!—dT~ and
ZnlL'—U"), where the imide-deprotonated dTor U~) binds
with a zinc(Il) cation and two carbonyl oxygens bind with the
two complementary cyclen NH's through hydrogen boficf.
The apparent affinity constant, 1dGpp (Kapp= [2]/[ 7fred[ATtred
(M~1)) in aqueous solution, is 3.1 at pH 7.6 and 25 with

| = 0.1 (NaNQ).21a

H, Hy Hy
S C ”g e 2o
n\ Zn2+ Z S
H NH HN___ Nu HN__ NH HN_/
OH,
7 8 Znee gy
@nL) @nL?) (ZmL?) \

tris(Zn 2+Acyclen) H

For recognition of barbital (Bar), a diimide compound, we

designed a dimeric Zri—cyclen connected throughpaxylene
unit, 8 (Zn,L2).23 The first deprotonation constant for Bar
Bar- + H*, pKy, is 7.9 and the second one for Ba= Barr~

+ H*, pKy, is over 12, indicating that the second deprotonation

would hardly occur at pH<12 in the absence & However,

it was interesting to discover that an unexpected 2:2 supramo-

lecular complex ((Zgl?),—(Barr~),) was isolated along with
an anticipated 1:1 comple# (Zn,L2—Bar~), in which two
imide N~ are bound to two zinc(ll) cations & and that the
equilibrium exists between the two forms in aqueous solufidn.
Having obtained a trimeric (Zfi—cyclen) unit connected
through 1,3,5-trimethylbenze®gtris(Zré—cyclen), ZrL3) (L3

pK,=6.85 pK,=1091 pK; >12
2 2 i 2
HN ONH CHT I-ﬁl\ i -H* )\)L -H* i i
0™ N 0" N 07N 0”"N"0
H © H © H ©
CA CA” CA” ca*
CA 2 CA +H": = [CA ]a+ / [CA] (1)
CA- 2 CA™ +H": = [CA¥]a,+ / [CAT] (2)
CA”™ 2 CA*+H": K, = [CA¥]a,+/[CA™] 3)
Scheme 2
Proton B
"‘1—94 34.1° /‘N"t
9 NH ° ~H
(2eq.) +
+ -6H \
3CA mH o NH
( eq)atpH >6 ,L\ 0 u
QNT{ZQ::i/?H"o
10 ~/

23 Complex ([(ZnsL3,—(CAY )51 Proton B

Results and Discussion

Deprotonation of Cyanuric Acid. Although already re-
ported?® the three deprotonation constant&, ppK,, and (K 3
defined by eqs £3 at 25°C and|l = 0.1 (NaNQ) were
determined for the present reaction conditions by potentiometric
pH titration, which gave 6.8% 0.05, 10.91+ 0.05, and>12,
respectively (Scheme 1). Th&pvalue of >12 implies that

= 1,3,5-tris(1,4,7,10-tetraazacyclododecan-1-ylmethyl)ben- the third deprotonation to give the trianionic form (€Awould
zene@*we were interested to see whether some supermoleculesbe extremely difficult in agueous solution in the absenc®.of

containing three NH-deprotonated CA (€A such as would

Moreover, a molecular model study suggested that an initially

be formed by self-assembly. In this paper, we present the anticipated 1:1 comple® in which all of the three carbonyl
discovery of novel supramolecular chemistry occurring between groups and three imide nitrogens of €Aand three zinc(ll)
9 and CA at various pH’s in aqueous solution. One of the self- cations in9 are fixed on a plane may be sterically unfeasible.

assembly products, a 4:4 complex®faind CA-, is a totally

We then might better ponder other types of sterically and/or

unexpected supermolecule, which is extremely interesting electronically feasible supercomplexes for the difficult depro-

structurally, mechanistically, and as a new material.

(20) For reviews, see: (a) Kimura, Eetrahedron1992 48, 6175~
6217. (b) Kimura, E. IrProgress in Inorganic ChemistrKarlin, K. D.,
Ed.; John Wiley & Sons: New York, 1994; Vol. 41, pp 44891. (c)
Kimura, E.; Shionoya, M. IrMetal lons In Biological SystemSigel, A.,
Sigel, H., Eds., Marcel Dekker: New York, 1996; Vol. 33, pp-Z2. (d)
Kimura, E.; Koike, T.; Shionoya, MStructure and Bonding: Metal Site in
Proteins and ModelsSadler, P. J., Ed.; Springer: Berlin, 1997; Vol. 89,
pp 1-28. (e) Kimura, E.; Koike, T.; Aoki, SJ. Synth. Org. Chem., Jpn.
1997, 55, 130-139. (f) Kimura, E.; Koike, T.J. Chem. Soc., Chem.
Commun.1999 1495-1500.

(21) (a) Shionoya, M.; Kimura, E.; Shiro, M. Am. Chem. Sod 993
115 6730-6737. (b) Shionoya, M.; Kimura, E.; Hayashida, H.; Petho, G.;
Marzilli, L. G. Supramol. Chem1993 2, 173-176. (c) Shionoya, M.;
Sugiyama, M.; Kimura, EJ. Chem. Soc., Chem. Commud®94 1747
1748. (d) Shionoya, M.; Ikeda, T.; Kimura, E.; Shiro, Nl. Am. Chem.
Soc 1994 116,3848-3859. (e) Koike, T.; Goto, T.; Aoki, S.; Kimura, E.;
Shiro, M.Inorg. Chim. Actal998 270, 424-432. (f) Aoki, S.; Honda, Y.;
Kimura, E.J. Am. Chem. Soc998 120, 10018-10026. (g) Aoki, S.;
Sugimura, C.; Kimura, E]. Am. Chem. S04998 120,10094-10102. (h)
Kimura, E.; Kikuchi, M.; Kitamura, H.; Koike, TChem. Eur. J1999 5,
3113-3123.

(22) (a) Kimura, E.; Ikeda, T.; Shionoya, NPure Appl. Chem1997,
69, 2187-2195. (b) Kimura, E.; Ikeda, T.; Aoki, S.; Shionoya, W.Biol.
Inorg. Chem 1998 3, 259-267. (c) Kikuta, E.; Murata, M.; Katsube, N.;
Koike, T.; Kimura, EJ. Am. Chem. So&999 121,5126-5436. (d) Kikuta,
E.; Katsube, N.; Kimura, EJ. Biol. Inorg. Chem1999 4, 431-440.

(23) (a) Koike, T.; M. Takashige, E. Kimura, H. Fujioka, M. Shi@hem.
Eur. J. 1996 2, 617-623. (b) Fujioka, H.; Koike, T.; Yamada, N.; Kimura,
E. Heterocyclesl996 42, 775-787.

(24) Kimura, E.; Aoki, S. Koike, T.; Shiro, MJ. Am. Chem. S0d.997,
119,3068-3076.

tonation to take place.

Isolation and Characterization of the 2:3 Complex (10)
from 9 and CAZ2~. Fine colorless prisms (180 mg, 57% yield)
were obtained when a mixture 86NO; (300 mg, 0.24 mmol),
CA (51 mg, 0.40 mmol), and NaCKX50 mg, 0.41 mmol) in
aqueous solution (10 mL, adjusted to pH 10 by NaOH) was
slowly evaporated in vacuo. The elemental analysis (C, H, N)
was consistent with the 2:3 complex®and CA~ plus 3CIQ,
3NGO;~, and 6HO (C7sH147N36036Cl3ZNg). The IR spectrum of
the crystals showed absorbance peaks at 1597 and 1651 cm
(imide CON") and a weak peak at 1760 ci(imide CONH),
while CA exhibited absorbance peaks at 1779, 1751, and 1724
cm! corresponding to neutral imide moiety does not have a
characteristic peak at 176Q800 cnt?).

An X-ray crystal structure analysis revealed a sandwichlike
structurelO of the supercomplex comprising two molecules of
9 and three molecules of CGA, as shown in Scheme 2 and
Figure 2.

Panels a and b of Figure 2 are top and side views by stick
and ball drawing and space-filling drawing, respectively. Each
Zn?t—cyclen unit in10 has a distorted tetragonal-pyramidal

(25) Kimura, E.; lkeda, T.; Shionoya, M.; Shiro, Mngew. Chem., Int.
Ed. Engl 1995 34, 663—-664.

(26) De Busscher, J. P.; Pellerizux, R.; Huyge-Tiprez, G.; Nicole, J.;
Tridot, G.Chim. Anal.1972 54, 69—78 (K1 = 7.0, K> = 11.4, and K3
= 14.6).
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Figure 2. Stick drawing (a) and space-filling drawing (b) representing
top and side views of the 2:3 supramolecular comgl@xespectively,
with anions (N@™ and CIQ") in the grooves between CAmoieties.
Purple, gray, blue, red, and green atoms aré&"Z@&, N, O, and ClI,

respectively. Other external anions, protons, and water molecules were

omitted for clarity.

structure, and the zinc(Hnitrogen bond lengths are 1.94.98
A,?7 as found in the crystal structures of severatZnacyclen
complexeglad2325 The two face-to-face zh3 are almost
superimposable (Figure 2a), and the phenyl groups of 8ach
face each other with a distance ©B8.7 A, which may permit
m—m stacking?® All the Zn?t—cyclen units of ZgL2 are spread

out on the phenyl plane with three apical binding sites of each
three zinc(ll) located on the same face. The dihedral angles

between benzene planes and cyclen planes are-39.2°,
which indicates that three Zh—cyclen units are twisted like a
propeller to permit the ZAT—N~ coordination bonds with two
imide moieties of CA~ (Scheme 2 and Figure 2b).

J. Am. Chem. Soc., Vol. 122, No. 4, 2090

Potentiometric pH Titration of the 2:3 Complex 10. We
then performed potentiometric pH titration of the 2:3;FH-
CA solution ([ZnsL3] = 1 mM) at 25°C with | = 0.1 (NaNQ)
(Figure 3). It is evident that the 2:3 compl&® was quantita-
tively formed above pH 6. The second deprotonation from CA
(otherwise K, = 10.9) was thus facilitated by the Zh
coordination. The complexation equilibria were assumed to be
represented by eqs4 and 11-14.

Zn,L 3(H,0), (9) == Zn,L3(H,0),(HO ™) + H™:
K, = [Zn,L3(H,0),(HO )]a,./[Zn,L3(H,0)]  (4)
Zn,L ¥(H,0),(HO") == Zn,L (H,0)(HO ), + H™:
K = [Zn,L3(H,0)(HO),lay,./[Zn,L 3 (H,0),(HO )]  (5)
Zn,L3(H,0)(HO ), = Zn,L(HO ), + H™:
Ke = [Zn,L3(HO ) a,./[Zn,L3H,0)(HO),]  (6)

2(Zn,L%(H,0)y) + 3(CA™) = [(Zn;L%),—(CA™),1*" (10):

Ky =[10M[9°[CAT]® (M) (7)
10=11+H": Kg=[11]a,./[10] (8)
11=12+H": Ky=[12a,./[11] (9)
12=13+ H": K,,=[13a,./[12] (10)

Kapp™= [(ZnyL%),—(CA*),—(CA®) I/
[uncomplexed Zgl *]*[uncomplexed CA}

(mn=0,1,2,3m+n=3) M)

[(Zn,L®),—(CA®),—(CA®")] = [10] + [11] +[12] (12)

(11)

[uncomplexed Zg*] = [9];,0. +
[Zn5L3(H,0),(HO )] + [ZN5L 3(H,0)(HO )l ee
[Zn L 3(HO )3l ee (13)

[uncomplexed CA]: [CA] free+ [CAi]free + [CAZi]free

(14)
The deprotonation constants of three?Zbound waters in

There are hydrogen bonds between the carbonyl oxygens ofg defined by eqgs 46, pka, pKs, and [Ke, are 6.1, 7.3, and 8.6,

CAZ~ and secondary amine protons of ZA The distances

respectivel\?* Analysis of the pH titration curves by the program

between nitrogen atoms on the cyclen rings and carbonyl BesT130 was in good agreement with this 2:3 complexation

oxygens of CA are 2.833.29 A. Typical crystal parameters
for 10 are listed in Table #°

(27) The Z@*—N-~ length in 10 is shorter than the corresponding
coordination bonds between metal cation and imidérNVin2"—CA~ (2.28
A), C?*—CA~ (2.18 A), and Ni*—CA~ (2.14 A): Falvello, L. R.; Pascual,
I.; Tomas, M. Inorg. Chim. Actal995 229 135-142.

(28) UV spectrophotometric titration and isothermal titration calorimetry
in aqueous solution & and CA supported 2:3 complexation at pH BL.
Thee value of9 at 265 nm decreased by20% (from 3.0x 10? to 2.4 x
1% (M~1-.cm~1)) on addition of 1.5 equiv of CA with an isosbestic point
at 274 nm, possibly by a hypochromic effect duertorr stacking between
the two benzene rings.

(29) For the Crystal Information Files (CIFs) for the X-ray crystal
structure analysis 0f0 and 15, see Supporting Information.

scheme. Figure 4 shows the distribution diagram of six species
(Zn3L3(H20)3 (9) Zn3L3(H20)2(HO‘), CA-, [(anLs)z_(CAz_):; 6+

(10), [(ZnsL3)2—(CA*)—(CA®)]>" (11), and [(ZnL®)—
(CA%7)—(CA3%)7*" (12) for a 1 mM 9/1.5 mM CA mixture

as a function of pH at 28C with | = 0.1 (NaNQ) (for the
structure ofll and12; see Scheme 3). The population of the
2:3 complexiOincreased as pH was raised above 5 and reached
nearly quantitative 49% (indicated with a bold line in Figure

(30) (a) Martell, A. E.; Motekaitis, R. JDetermination and Use of
Stability Constants2nd ed.; VCH: New York, 1992. (b) Martell, A. E.;
Hancock, R. D.Metal Complexes in Aqueous SolutignBlenum Press:
New York, 1996.
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Table 1. Typical Parameters of X-ray Crystal Structure Analysis
of the 2:3 ZRL3—CA?~ Complex (L0) and the 4:4 Zg 3—CA3~
Complex (52

10 15

formula GrsH14N36036CI3ZNng C144H344N7:088Z 112
M, 2627.84 5277.29
cryst syst monoclinic _cubic
space group P2:/n (No. 14) 143m (No. 217)
a(A) 27.327(3) 23.430(4)
b (A) 29.127(2)
c(A) 16.025(2)
p (deg) 90.56(1)
V (A3 12754(1) 12862(3)
z 4 2
Dearc (g:cm™2) 1.368 1.362
1 (Mo Ka) (cm?t 12.6 11.8
260 max 50.6 54.8
R 0.091 0.068

0.110 0.086
no. of reflctns used 7240 1004

for least squares
(1> 30()

no. of variables 773 76

Aoki et al.

Scheme 3

[(ZnsL?),~(CA®), > [(Z0sL?,(CAT-(CAS )™

aThe structure were solved by direct methods (SIR 92) and refined two of the three CA~ could be deprotonated at pH12

by full matrix least squares.

11 A
10 4

pH

eq (OH")

Figure 3. Typical titration curves of 1.0 mM CA (a), 1.0 mid (b),
and 1.5 mM CA+ 1.0 mM 9 (c) with | = 0.10 (NaNQ) at 25°C. eq
(OH") is the number of equivalents of base added.

100

CA”

/ 10+11+12

Zn;L(H,0);
¥ Zn,L(H,0),(HO")

Relative Concentration (%)

Figure 4. Distribution diagram for th® and CA speciesnia 1 mM
9/1.5 mM CA mixture as a function of pH at 28 with | = 0.10

(Scheme 3 and eqs—80). The sum of 10], [11], and [12]
(indicated with a bold dashed line in Figure 4) is over 49% at
pH 6—11.

For comparison, the complexation &fwith barbital was
examined by the potentiometric pH titration (with= 0.1
(NaNGs) at 25°C) .31 These experiments strongly indicated that
9 and barbital also form a 2:3 complex, whose structure is most
likely 14 ((ZnsL3),—(Bar?™)3) in analogy to the structure df.

14
[(Zn,L%),~(Bar*);1%*

K,,, = [(Zn,L*),~(Bar™),]/[uncomplexed Zn,L*}’ [uncomplexed Bar]* (M*)(15)

[uncomplexed Bar] = [Bar],,, + [Bar ], (16)

The logKappfor the 2:3 complexation o and Bar (defined by
egs 13, 15, and 16) at pH 8.0, 9.0, 10.0, and 11.0 are 21.2,
19.7, 17.0, and 14.0, respectively, at Z5.

IH NMR Study of the 2:3 Complex 10.Parts a and b of
Figure 5 show the aromatic three protonsHKAall equivalent)
of the IH NMR spectrum of9 (1 mM) and isolatedlO (0.5
mM), respectively, in RO at pD 8.0+ 0.1 and 35°C. In
comparison with AH of 9, the AH of 10 considerably shifted
upfield, possibly due tor—x stacking (see Figure 2). Upon
mixing 9 with 1.5 equiv of CA at pD 8.0, a spectrum indentical
to Figure 5b was obtained, supporting th&tis quantitatively

(NaNQy). Vertical axis is a relative concentration of each species against formed at millimolar concentratiot?:*3However, thetH NMR
a total amount oB. For clarity, species at less than 5% were omitted. spectrum of a 1:1 mixture &and CA at pD 8.0 showed (Figure

4) at pH 6 (i.e., over 98% d was converted int@0). Apparent
complexation constant, log.pp (defined by egs 1114), at pH

5c), in addition to the peak for unreact@dan unidentified peak

(31) The K, values of two imide protons of barbital were reported to

8.0, 9.0, 10.0, and 11.0 were 24.4, 254, 25.6 and 24.6, e 7:85and-12, respectively?

respectively.

By further analysis of the pH titration data at pH3, we
determined K, values for the remaining imide hydrogens in
10, pKg (for 10=11) = 9.1+ 0.1, Ko (for 11=12) =114
+ 0.1, and K30 (for 12== 13) > 12, respectively, implying that

(32) For comparisortH NMR spectra of a dimeric (Zi—cyclen) having
anm-xylene spacer (Zi.4)219:230.24yjth CA in DO exhibited complicated
peaks with small upfield shifts, implying that the dimeric zinc(Il) complex
may also assemble with CA, but without distinct structures.

(33) TheH NMR spectra ofl0 showed negligible pD dependency at
pD 6.0-11.0 and negligible temperature dependency in the range-of 25
85 °C.
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@ ArH of free 9
o (8745)
ArHof 10
) (56.81)
uni%eénigied
() free 9 ( 08 ) 10
17
ArHof 14
() A[ (86.66)
ArHof 15
© (57.23)
I T T T T I T T T T I
8.0 7.0 6.0

(8in ppm)
Figure 5. Aromatic regions (AH) of 'H NMR spectra, 35°C: (a)
free9 (1.0 mM) in DO, (b) 10 (0.5 mM) in DO, (c)9 (1.0 mM) +
CA (1.0 mM) in DO, (d)9 (1 mM) + Bar (1.5 mM) in O, and (e)
15 (0.5 mM) in DMSO4#s. The pD values of (ad) were 8.0+ 0.1.

at o 6.85 (in the following discussion, this peak was assigned
to the 2:29—CA complex17).

For comparison, we measured thé NMR of 9 (2 mM) in
the presence of Bar (3 mM) inJD at pD 8.0 and 35C (Figure
5d), showing a singlet of At atd 6.66 to support a quantitative
formation of 14.

The IH NMR spectrum ofl0 in D,O suggested very stable
hydrogen bonds between the cycleH’Sland carbonyl oxygens
of CAZ=in 9. The protons A or B in Scheme 2 did not exchange
with D of D,O even after 2 days. They underwent complete
H—D exchange only after ultrasonification for over 48 h. The

x-r?\y structure analysis rev_ealed indirect hydrogen-bonding Figure 6. Space-filling drawings of the supramolecular cageby
NH's (proton B) as well as direct hydrogen bonds (proton A). 4.4 self.assembly 08 and CA~ viewed (indicated by a bold black
A similar direct hydrogen bond and an indirect hydrpgen bond arrow in (c)) along ar symmetry plane (a light blue dashed line in
were seen between Zn-cyclen7 and N-methylthymine*? (b)) (a) and viewed (indicated by a bold open arrow in (c)) along a red

A Novel 4:4 Complex (15) of 9 and CA~ from Alkaline Cs symmetry axis (b), respectively. Purple, gray, blue, red, and white
Aqueous Solution.Slow evaporation over a week of an aqueous atoms are Z#, C, N, O, and H, respectively. All protons were added
solution (8 mL, adjusted to pH 11.5 by NaOH) @INOs;~ (94 by calculation using the program teXsan, and all;N@nd HO were
mg, 0.07 mmol) and CA (9 mg, 0.07 mmol) yielded fine omitted. In (c), the structure dbis schematically illustrated as a purple
colorless prisms (73 mg, 77% yield), whose elemental analysis cuboctahedral framework made of four molecules Df(purple
(C, H, N) was consistent with a 1:1 stoichiometryodind C/- equilateral trlangles_) and_ four CA parts (blue equilateral triangles).

. _ A green framework is the inner cavity @b, as presented by a truncated
with 3NG;™ and lOI—iO (CseHeeN150222115). The new complex otrahedron (see also Figure 7). Red and light green arrows indicate
was soluble only in DMSQ@s and unstable in kD (see two Cs symmetry axes.
following discussion). ItdH NMR spectra in DMSGds showed
a singlet ato 7.23 for the AH (Figure 5e), which shifted a  Scheme 4
little upfield with respect to A for 9 (6 7.42 in DMSO¢)
and downfield compared to Arfor 10 (6 6.73 in DMSOéds/

D,O (1:1 (viv)).
To our astonishment, its single-crystal X-ray diffraction ¢.ca 1) ——

analysis disclosed a novel cage structdi® which is an (p}}fﬁj)

assembly of fou® and four C&~ (Scheme 4). This is the first

example of the trianionic CA form in aqueous solution ($&g

The four molecules 09 constructed four tetrahedral faces and wads
four molecules of CA™ linked them at four edges (Figure 6). [(an'Ls)A_(gAs,mm
The space group df5 is 143m (No. 217), implying a highly (crystallized)

symmetric &) structure with twaCz symmetry axes presented

by red and light green arrows in Figure 2e (four axes for each in the center (Figure 6a). Another view (a bold black arrow in
Cs symmetry) and four symmetry (mirror reflection) planes.  Figure 6¢) along & symmetry plane (a light blue dashed line)
A view (a bold open arrow in Figure 6c) along one of Gig shows15 as a cagelike supermolecule having a cubic shape
symmetry axes shows a triangle frameworkisf(the external and a nanometer-scale hollow (the external size-2s2 nm)
size in this view is~2.5 nm), where one of the CA s located (Figure 6b). In Figure 6 is represented by a purple equilateral



582 J. Am. Chem. Soc., Vol. 122, No. 4, 2000 Aoki et al.

Scheme 5
d
(@) o P’ Ry,
o =2 ,;m =0 G OE ko
9 N % S2HY | Oy N
+ ——=="10 + H—N}_N).‘=D (P _— 'NYN)TO p2e
CA w0 o pH>11 >
D e .
17 18
[ZnsLY-(CAM )™ [(ZnsLY)CA ™

dimerization a HO

15

[@nL3)a~(CAM 2

It is noteworthy thafl5 has a well-defined inner space, which
is separated from the outer space by four phenyl groups and
four CA3~ (Figure 7a). For better understanding, its inner cavity
structure may be visualized as a three-dimensional truncated
tetrahedron (Figure 7), which is made by cutting four small
regular tetrahedrons~(7 A side) off by four red equilateral
triangles including CA~ at the four apexes of the large regular
tetrahedron drawn with dashed blue lines1g A side). This
shape is composed of four equilateral triangles and four scalene
hexagons including a benzene ring of:Z# The short edges
of 4 A are positioned at the entrance to the inner cavity. The
approximate internal volume of this hollow 5140 A3:36 In
Figure 6¢, the green interior framework is drawn in the purple
exterior skeleton ofl5.

Study for Equilibrium between 10 and 15 in Solution.To
elucidate the occurrence ©5in aqueous solution, we measured
its TH NMR spectrum. Although the 4:4 complé% was stable
in fresh DMSO#ds solution (Figure 5e), it slowly decomposed.
In D,O at pD 8.0,15only initially gave a broad singlet peak at
the same 7.2, which immediately disappeared to give the same
spectrum as Figure 5c, indicating thab was immediately
disproportionated intdl0, 9, and an unidentified species in
aqueous solution (the ratio dJf[9 in 10]:[9 in an unidentified
species 17)] was 27:53:20 at pD 8.0¥. Addition of D,O into
a DMSO+s solution of 15 yielded the same spectrum.

We provisionally assigned the unknown species &.85
Figure 7. (a) Representation of the inner space of the supramolecular (under the condition ofd] = [CA], Figure 5c) to a 2:2 complex
cagel5. For clarity, cyclen _rings were omitted. Inner distance b_etween 17, in which two CA~ molecules are sandwiched by zinc(Il)

a phenyl group and a GAis ~9 A. (b) Schematic representation of  otions g o likely intermediate linkirid with 9 (Scheme 5).
the inner space df5 having a truncated tetrahedron shape. The dashed As suggested by thekp of 9.1 and o of 11.4 for the

blue lines indicate a tetrahedron 18 A side), from which four small o .
L ) equilibrium of 10 = 11 = 12, the double deprotonation from

tetrahedrons~7 A side) at four tops are cut off by four red triangles L . P . .
including CA~, whose three imide Ns are coordinated to zinc(ll) ~ the remaining imide N in CA*~ of 17to yield 18 would likely

cations. A green scalene hexagon represents an interior face includingdCcur at pH>11. Then, the 4:4 complek5 is a product from
a benzene ring of zh?3. dimerization of18. Sincel0, 15, and18 are all equivalent in

acid—base neutralization (i.e., six deprotonations), these species

triangle having three Z ions (purple circles) at each edge might have been indistinguishable by the ®/CA pH titration.
and the CA~ part is represented by a blue triangle. Self- On the basis of the combined potentiometric pH titration and
assembly of 4 purple triangles and 4 blue triangles through 12 NMR studies, the reaction &— 10— 15may be summarized
coordination bonds give$5, whose structure is schematically in Scheme 6. At millimolar-order concentration in water, the
represented as a purple cuboctahedral framework. 2:3 supramolecular complef0, which is kinetically and

As shown in16, the superstructure df5 was reinforced by thermodynamically stable,.is fqrmed as an exclusive §pecies at
the hydrogen-bonding network betweerN-+-O=C of CA3 pH >6 through a hypothetical intermediaté. _By combining
(24 hydrogen bonds in total). The average length of the the Kapp value of 24.4 for the 2:3 complexation 8fand CA

- L : . .. (eq1l) at pH 8.0 and the ratio @0 and17 (53:20) determined
coordination bonds between imide anion and zinc(ll) cation is ( i . . ,
1.97 A, and the hydrogen bond lengths between nitrogen atomsby H NMR at pD 8.0 (Figure 5¢), we estimated the ltigp
on cyclen rings and carbonyl oxygens are 2:804 A34 The (35) We could not observe mass peaks or fragmentations corresponding

|ntermo|ecu|ar |nteract|ons between em molecule |n the to 10 and 15 in electron ionization (El), fast atom bombardment (FAB),
. . electron spray ionization (ESI), and time-of-flight (TOF) mass spectrometric

crystal were not seen. The crystal data are listed in TaBt&31. experiments.
(36) Six molecules of KD and four NG~ were found in the inner cavity

(34) The distance between amine atoms on MA and oxygen atoms on of 15.
CAin5is 2.94 A, and the distance between amine atoms on 1,3,5-triazine  (37) The theoretical ratio o], [9 in 10], and P in 17 (see following
ring of MA and imide nitrogens of CA is 2.86 A: Wang, B., Y.; Wei, B.;  discussion in the text)] should be 0.25:0.5:0.2515fis equally degraded
Wang, Q.J. Crystallogr. Spectrosc. Re$99Q 20, 79—-84. into 9, 10, and17, which almost fit to the observed NMR results.

a truncated
tetrahedron
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Scheme 6

log K, = log ([17]/ [9P [CAT) log Kypp' = Tog ([10]/ [17] [CA])

=174 atpH 8.0 =7.0atpH 8.0
2CA  4H* CA  2H
2 (L N0 (g e cat ] —e=Dm (@O
9 in H,0 17 at pH >6 10
at pH >6 stable in H,O

2H* atpH>11

18

[<Zn3L3>r(CA3’)zf*]

crystallized T H0

@0 Y—(CAMI sable only in solids
15 and in DMSO

value for the formation ofL7 (defined by eqs 17, 13, and 14)

Kapg = [(ZnsL%),—(CA®), A7)/

[uncomplexed Zg*?[uncomplexed CA] (M%) (17)
Kapp' = [10[/[17] [uncomplexed CA}=
KapdKapg (M™% (18)

to be 17.4 at pH 8.0. Thus, the lol§p,' Vvalue for the
complexation ofL7 and CA to yield10 (by eq 18) is 7.0. These
values imply that the 2:2 comple7 would quantitatively trap
a free CA (to10) at millimolar-order concentration.

Although the possible intermediale’ (+ 18) existed only
in 15-20% at pD 11.0 and9] = [CA] = 1—-4 mM, the 4:4
supercompled5 crystallized in 77% yields from a 1:1 mixture
of 9 and CA. We presume that this is due to its much lower
solubility in water than other species. The 4:4 complex is
appreciably stable in DMSO, but not in the presence gD F#
The formation of 15 containing CA&~ in H,O might be

J. Am. Chem. Soc., Vol. 122, No. 4, 2880

where it was appreciably stable, as shown by*Hth&IMR study.
However, addition of KO rapidly destroyed it, giving backo,
9, and17.

A multiple recognition of anionic guests by macrocyclic zinc-
(1) complexes gives kinetically and thermodynamically stable
supramolecular complex@%¥h These findings should give an
indispensable principle to design a new stable noncovalent
architecture in aqueous solution. Cyanuric acid is a popular
component for the “two- and three-dimensional” construction
of nanometer-scale supermolecules in organic solution, probably
because of its rigidity and bifunctionality as hydrogen bond
donor and acceptor. In aqueous solutiol{, palues of acidic
molecules as well as hydrogen-bonding nature are important.
Construction of further three-dimensional architecture of na-
nometer scale may be achieved by multipléZnacyclen units
and molecules having multiple acidic moieties such as*CA.

Experimental Section

General Information. Melting points were determined by using a
Yanaco melting point microapparatus without any corrections. All
reagents and solvents used were of the highest commercial quality and
used without further purification. Tris(Zh—cyclen) (ZnL%) complex
9 was synthesized as described previod&lyZyanuric acid was
recrystallized from hot water, dried in vacuo, and confirmed to be
anhydrous by elemental analysis. All aqueous solutions were prepared
using deionized and redistilled water. IR spectra were recorded on a
Shimadzu FTIR-4200 spectrometéd NMR spectra were recorded
on a JEOL Alpha (400 MHz) spectrometer. 3-(Trimethylsilyl)propionic-
2,2,3,3-d acid sodium salt in BO and tetramethylsilane in DMS@s
were used as internal references farand **C NMR measurements.
The pD values in BO were corrected for a deuterium isotope effect
using pD = [pH meter reading]+ 0.40. Elemental analysis was
performed on a Perkin-Elmer CHN analyzer 2400.

2:3 Supramolecular Complex of 9 and CA~ (10-3(ClO4)-
3(NO57)+6H20). 9-6(NO;)-3H,0-0.5EtOH (300 mg, 0.24 mmo#},
cyanuric acid (51 mg, 0.40 mmol), and NaGI®0 mg, 0.41 mmol)

compensated for by the crystal packing force and favorable were dissolved in kD, and the pH was adjusted to pH 10 by addition

hydrogen bond formation in the solid st&t¢dowever, dissolved

of agueous NaOH. After slow evaporation in vacuo, colorless prisms

in H,0, this hydrogen bond network should be destroyed to be 0f 10-3(CIO;)-3(NO;7)-6H,0 (180 mg, 57%) were obtained (280

disproportionated int®, 10, and17.

Conclusions

A 2:3 mixture of tris(Z#+—cyclen)9 and cyanuric acid self-
assemble in agueous solution (pHb) to quantitatively form a
sandwichlike 2:3 supramolecular compleb0, which was
isolated and fully characterized by potentiometric pH titration,
IH NMR, and X-ray crystal analysis. Another self-assembling
capsule supercomplex was crystallized from a 1:1 mixtur@ of
and CA in aqueous solution (at pH 11.5) in 77% yield. Its X-ray
crystal analysis revealed a novel 4:4 cddehaving a highly
symmetric structure. Interestingly, the complet@sand15are
equivalent in acie-base terms at higher pH and hence should
be indistinguishable in the potentiometric pH titration. Because
of its highly HO-insoluble properties, the formation &6 as
solid was facilitated and therefore the equilibrium was shifted
from 10 via a provisionally assigned intermedidté (plus 18)
to 15. The 24 hydrogen bonds may greatly contribute to the
stability of 15. The isolatedl5 was only soluble in DMSO,

(38) After 15was dissolved in kD, the whole was evaporated and dried
in vacuo. The'H NMR of the resulting powders in DMS@s showed three
peaks corresponding ® 10, and17.

(39) The'3C NMR peaks of carbonyl carbons of uncomplexed CA and
CA3~ in 15 appeared ad 149.8 and 166.9, respectively, suggesting that
the Zr#*—N~ coordination functions as an electron-withdrawing group to
cause the decrease of th& pvalue of the third imide proton of CA in
supercomplexes.

°C) (although we have not experienced the explosion of,Gilts of

zinc complexes, the standard warning of their hazards should be noted).
IR (KBr pellet): 3426, 3281, 1651, 1597, 1466, 1385, 1143, 1094,
1020 cntl. *H NMR (D;0): 6 2.48-2.54 (12H, m, Gl of cyclen
rings), 2.64-2.83 (48H, m, €, of cyclen rings), 2.943.08 (24H, m,

CH, of cyclen rings), 3.153.25 (12H, m, @i, of cyclen rings), 3.80
(12H, s, Ar(Hy), 6.81 (6H, s, AH). 13C{!H} NMR (D;0): ¢ 43.11,
44.95, 45.62, 49.55, 55.65, 113.18, 134.17 (peaks of carbonyl carbons
of CA?~ were not observed). Anal. Calcd fordEl;14N36036ClsZng: C,
34.28; H, 5.64; N, 19.19. Found: C, 34.40; H, 5.62; N, 19.15.

4:4 Supramolecular Complex of 9 and CA~ (1512(NG;™)-40H,;0).
9-6(NO;7)-3H,0-0.5EtOH (94 mg, 0.07 mmol) and cyanuric acid (9
mg, 0.07 mmol) were dissolved in.8, and the pH was adjusted to
pH 11.5 by addition of aqueous NaOH. A solution was concentrated
slowly in vacuo for 1 week, and colorless prismslé6f12(NG;~)-40H,0
(73 mg, 77% yield) were obtained (mp280 °C). IR (KBr pellet):

(40) Because N@ and CIQ~ were found between CA moieties in
10 (Figure 2), we examined the interactiond with inorganic anions by
IH NMR in D20 at pD 8.0+ 0.1 and 35°C. Among various anions tested,
I~, ClOs~, SCN-, and Ny~ caused considerable downfield shifts of théHAr
peak without dissociation 0£0 (NOs~, SO2-, F, CI7, Br-, and 1GQ~
gave negligible effect ofH NMR of 10). Assuming that these anions are
independently recognized at the three recognition sité9,dbg Kappvalues
(Kapp= [X~—(BS10)J/[X ~][BS10Q], where X" is an anion and BR)is each
of the three binding sites df0) were determined to be 2.7 for,12.6 for
ClO,~, 2.3 for SCN, and 2.4 for N7, respectively, by calculating with
the Benesi-Hildebrand method: Conners, K. Binding Constants, The
Measurement of Molecular Complex Stabililphn Wiley and Sons: New
York, 1987. It was confirmed that) ClIO,~, SCN-, and N;~ had negligible
effect on the'H NMR spectra ofd. Similarly, 14 had an interaction with
SCN-~ with log Kapp 0f 2.2 under the same condition.
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3440, 3280, 2944, 2880, 1541, 1441, 1385, 1098, 959 clH NMR mode. Of the 2285 reflections collected, 1337 were unidrg €

(DMSO-dg): 6 2.38-2.87 (192H, m, €1, of cyclen rings), 3.50 (24H, 0.014); equivalent reflections were merged. The linear absorption

br s, ArCHy), 3.82 (12H, br s, M), 4.21 (24H, br s, W), 7.08 (12H, coefficient, u, for Mo Ko radiation is 11.8 cmt. The data were

s, ArH). 13C{H} NMR (DMSO-dg): ¢ 41.94, 43.66, 44.26, 48.80, corrected for Lorentz and polarization effects. A correction for

54.10, 131.85, 132.78, 166.92. Anal. Calcd fa5H344N7:0ssZ M1z C, secondary extinction was applied (coefficient, 1.3860GD The

32.77; H, 6.57; N, 19.11. Found: C, 32.76; H,6.56; N, 19.22. structure was solved by direct methods (SIR 92) and expanded by means
Crystallographic Study of 10-3(ClO4)-3(NO;™)-6H20. A colorless of Fourier techniques (DIRDIF 94). The cyclen portion was refined

prismatic crystal 0B-3(ClO;)-3(NO;7)-6H,0 (CrsH14AN36036C13Z N6, isotropically as a rigid group. The nitrate ions, except N8132, were

M, = 2627.84) having approximate dimensions of 0X8.15x 0.10 located but not refined. Hydrogen atoms were not located. The final

mm was sealed in a glass capillary. All measurements were made oncycle of full matrix least-squares refinement was based on 1004
a Rigaku Raxis IV imaging plate area detector with graphite- observed reflectionsl (> 3.0Q(l)) and 76 variable parameter and
monochromated Mo K radiation. Indexing was performed from three  converged (largest parameter shift was 0.00 times its esd) with
oscillations which were exposed for 4.0 min. The crystal-to-detector unweighted and weighted agreement factorRdgt= 5 |[|Fo| — | Fl|/
distance was 125.00 mm with the detector at the zero swing position. 3 |Fo|) = 0.068. Ry, = ((XW(|Fo| — |Fe)7>WF?)%% = 0.086. The
Readout was performed in the 0.100 mm pixel mode. Cell constants standard deviation of an observation of unit weight was 1.62. The
and an orientation matrix for data collection corresponded to a primitive weighting scheme was based on counting statistics and included a factor

monoclinic cell with the following dimensiora = 27.327(3) Ab = (p = 0.082) to downweight the intense reflections. Plot§of|Fo| —
29.127(2) A,c = 16.025(2) A5 = 90.56(1}, andV = 12754(1) &. |Fel)? versusF,|, reflection order in data collection, st and various

The data were collected at a temperature oft2b °C to a maximum classes of indices showed no unusual trends. The maximum and
260 value of 50.8. ForZ = 4 andM, = 2627.84, the calculated density ~ minimum peaks on the final difference Fourier map corresponded to
(Dcaicd Was 1.368 ecm 3. The systematic absencefuil, h + | = 2n; 0.43 and—0.39e~-A—3, respectively. All calculations were performed
0k0, k = 2n, uniquely determines the space group toR#/n (No. with the teXsan crystal structure analysis package developed by

14). A total of 60 3.00 oscillation images were collected, each being Molecular Structure Corp. (1992, 1994).

exposed for 20.0 min. A total of 19611 reflections was collected. The  Potentiometric pH Titrations. The preparation of the test solutions
linear absorption coefficient, for Mo Ka. radiation is 12.6 cmt. The and the calibration method of the electrode system (Orion Research
data were corrected for Lorentz and polarization effects. The structure expandable ion analyzer EA920 and Orion Research Ross combination
was solved by direct methods (SIR 92) and expanded by means of pH electrode 8102BN) were described eartie? All the test solutions
Fourier techniques (DIRDIF 94). Three perchlorate, three nitrate ions, (50 mL) were kept under an argor 99.999% purity) atmosphere.
and six water molecules are contained in an asymmetric unit. The two The potentiometric pH titrations were carried out witl 0.10 (NaNQ)
nitrate ions, N36a and N37a, are disordered in the two locations aroundat 25.0+ 0.1°C, and at least two independent titrations were performed.
inversion centers of the crystal. The cyclen portions of the Zn complex Deprotonation constants of Znbound waterK', (= [HO -bound
ions and the nitrate ions were refined as rigid groups. Hydrogen atoms, species][H]/[H0-bound species] and apparent affinity constéats
excluding those of the cyclen carbons and water molecules, were = [(Zn3L3),—(CA?~ (or Ba®"))s]/[uncomplexed ZgL %], Jluncomplexed
included but not refined. The final cycle of full matrix least-squares CA (or Bar)k (M~4), where CA is cyanuric acid and Bar is barbital)
refinement was based on 7240 observed reflectibrs3.005(1)) and were determined by means of the program BE%AII the o fit values

773 variable parameters and converged (largest parameter shift wasdefined in the program are smaller than 0.03. Rhye(= ay+-aon-),

0.00 times its esd) with unweighted and weighted agreement factors K'y (= [H*][OH™]) andfy. values used at 25C are 1014 107137,

of, R (= Y||Fo| — [Fl/3|Fol) = 0.091.Ry = ((XW(|Fo| — |Fc)) and 0.825. The corresponding mixed constakts(= [HO -bound
SWF?)%9 = 0.110. The standard deviation of an observation of unit speciesd.+/[H-O-bound species]), are derived using'[H= ay+/fi+.
weight was 1.78. The weighting scheme was based on counting statisticsThe species distribution values (%) against pH-{log[H"] + 0.084)
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Plots of Yw(|Fo| — | Fe|)? versusF,|, reflection order in data collection, . )
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